Graphene, which is a two-dimensional sheet of *sp*^2^-hybridised carbon atoms, is considered to be the next-generation electronic material due to its unique characteristics, such as high conductivity[@b1], optical transparency[@b2][@b3], and ultrahigh mechanical strength[@b4]. Graphene has been investigated for applications in smaller and faster electronic devices, more efficient batteries, and stronger materials, among others. In addition, the exceptional surface properties of graphene hold promise for applications in biomaterials, medical instruments, microfluidic devices, sensors and energy devices[@b5][@b6]. For example, a large hydrophilic electrode surface allows reactants to maximise the reaction surface area in aqueous systems for better electrocatalysis. The surface properties are governed by both chemical composition and geometrical structure, which can also significantly affect the performance of nanomaterials[@b7]. Both experimental observations[@b8] and theoretical studies[@b9] have revealed that graphene is a strongly hydrophobic material, which limits its applications in contact deposition in solution and may contaminate the nanoelectromechanical systems[@b10]. In addition, materials with controllable wetting properties are widely used in advanced multifunctional systems, such as biomaterials and microfluidic devices[@b10][@b11]. In particular, the wettability of graphene is essential for its utilisation in hybrid organic systems[@b12].

Recent studies have suggested that there is a transition between the hydrophobic and hydrophilic states of graphene. Using density functional theory (DFT) calculations, Jiang *et al.*[@b13] demonstrated that graphene can undergo a reversible transition in the presence of an external electric field. The energy barrier for the dissociative adsorption of H~2~O on graphene is then reduced, thereby inducing the wettability transition in graphene from hydrophobic to hydrophilic. In addition, remarkable surface wettability and a reversible transition from hydrophobic to hydrophilic graphene have been achieved using a periodic alternation of ultraviolet (UV) irradiation and air storage[@b14]. Graphene became hydrophilic after exposure to UV irradiation for 12 hours. When the graphene sample was annealed at 50°C in air, the graphene returned to the hydrophobic state. These results suggested that the hydrophilicity may be induced by the dissociative adsorption of oxygen gas from the atmosphere during UV irradiation[@b14]. However, there is no clear evidence to support this hypothesis. On the other hand, DFT calculations showed that the dissociative adsorption of H~2~O molecules from air can also induce the hydrophobic to hydrophilic transition in graphene. In addition, UV irradiation can also act as a controllable, effective and reversible method, which eliminates the chemical doping drawbacks from the corresponding lithographic process and provides an advanced strategy for tuning the electric properties of graphene[@b15]. Similar to plasma treatment, UV irradiation can usually induce defects in graphene[@b16]. This elimination of drawbacks from chemically doping graphene and induced defects in graphene may also affect the wettability of graphene. Therefore, the mechanism for the hydrophobic to hydrophilic transition in graphene under UV irradiation is still unclear.

In this work, we present a systematic study of the mechanism for the reversible hydrophobic to hydrophilic transition in graphene *via* periodic alternation of UV irradiation and vacuum storage. UV irradiation was performed for different durations to investigate the radiation effects. The change in the wettability of the graphene surface was determined by optical contact angle measurements, and Raman spectroscopy was used to determine the type of adsorbent and the change in concentration of the adsorbate after different irradiation durations. Furthermore, the dissociative adsorptions of H~2~O and O~2~ molecules on graphene were studied using DFT calculations. Different concentrations of adsorbates corresponding to different irradiation times were considered in the calculations. The calculated Raman spectra were compared with the experimental results. Based on these systematic studies, we present a mechanism for the wettability transition in graphene between hydrophobic and hydrophilic states under UV irradiation. These results may be important for the application of graphene in water splitting.

Results
=======

The reversible wettability transition in graphene under UV irradiation and air storage
--------------------------------------------------------------------------------------

It is known that pristine graphene is hydrophobic and that it can be reversibly changed to the hydrophilic state using periodic UV irradiation and air storage[@b14]. Using similar methodology, the hydrophilic transition in graphene was achieved through UV irradiation in this work. [Figure 1](#f1){ref-type="fig"} shows the irradiation duration-dependent contact angle (CA) of water on graphene in ambient environment, which was measured with an optical contact angle meter. Each data point is an average result measured from three freshly cleaned UV-treated graphene samples. As shown in this figure, the CA gradually decreases from 97.7 to 39.2° for graphene exposed to UV irradiation from 0 to 180 min. There are three stages for the observed CA transition: (1) the CA decreases sharply from 97.7 to 47.9° with irradiation up to 15 min; (2) the CA clearly decreases from 47.9 to 41.2° under irradiation from 15 and 60 min; and (3) beyond 60 min, the difference is within the measurement error. Therefore, the hydrophobic state can be changed to the hydrophilic state under UV irradiation within an hour.

Then, the graphene samples irradiated for 60 min were stored under vacuum, and the CAs of graphene stored for different durations were investigated, as shown in [Figure 2](#f2){ref-type="fig"}. As shown, the CA gradually increases from 39.2 to 93.4° with 4 days of storage, which is very similar to the CA of the un-irradiated graphene of 97.7°. The CA of the irradiated graphene could be restored to the initial level of 97.7° if prolonged air storage time was used. Consequently, the hydrophilic graphene can transition back to hydrophobic graphene by removing the UV radiation source and storage in vacuum. The reversible wettability transition in graphene can be experimentally controlled with periodic UV irradiation and vacuum storage, similar to a previous report[@b14].

The wettability transition in graphene with UV irradiation under different conditions
-------------------------------------------------------------------------------------

These experimental results raise questions as to why the reversible wettability transition in graphene can be achieved with UV irradiation and vacuum storage. Comparing the data in [Figures 1](#f1){ref-type="fig"} and [2](#f2){ref-type="fig"}, it can be clearly observed that the transition from hydrophobic to hydrophilic states under UV irradiation (1 hour) is considerably faster than that of the reverse transition induced by vacuum storage (4 days). This result suggests that the transition is caused by chemical adsorption on graphene rather than physical adsorption when irradiation, as the physically adsorbed molecules can be easily desorbed within a much shorter time. In addition, the UV irradiation should not have an evident effect on the physical adsorption, *i.e.*, the time required for the transition from the hydrophobic to hydrophilic state under irradiation should be similar to that for the reverse transition in vacuum storage. Similar phenomena were also reported by other research groups in graphene[@b14] and carbon nanotube (CNT) systems[@b16]. Although there was a lack of evidence, the authors claimed that the phenomenon was related to the chemisorption of O~2~ molecules induced by UV irradiation, thus resulting in hydrophilic groups on the surface and leading to the physical adsorption of water molecules at these groups. Once the UV source was removed and the graphene films were exposed to air, O~2~ molecules would gradually replace the physically adsorbed water molecules and adsorb on the surface, causing the hydrophobicity of the surface to be restored[@b14]. However, DFT calculations revealed that the chemical adsorption of water molecules in air would also induce the wettability transition in graphene[@b13].

To determine whether the wettability transition in graphene is associated with H~2~O or O~2~ dissociative adsorption under UV irradiation, the CAs of UV-irradiated graphene samples were measured in high humidity and O~2~-rich environments, respectively. To increase the humidity of the air, 2 cups containing 150 ml of hot water (95°C) were placed in the UV chamber. An O~2~-rich environment can be achieved by purging oxygen gas into the UV chamber with a continuous flow. [Figure 3](#f3){ref-type="fig"} shows the change in the CAs of the graphene samples irradiated by UV for 5 min in the ambient, humid and oxygen-rich environments. This figure clearly demonstrates that the reduction in the CA of graphene in the humid environment is much more pronounced than that of the samples in the ambient environment. However, the samples in the oxygen-rich environment showed similar CA reduction behaviour to those in the ambient environment. In addition, in order to exclude the effect of ozone formed from O~2~ during irradiation, the graphene samples were irradiated in an Ar atmosphere with high humidity. The CA results are also shown in [Figure 3](#f3){ref-type="fig"}, where similar reduction behaviour to that in humid air atmosphere was observed. Therefore, the effect of ozone on the wettability change of the graphene samples could be ignored. These results indicate that the concentration of H~2~O in the environment does have a significant effect on the wettability of UV-irradiated graphene, whereas the concentration of O~2~ does not.

DFT calculations of H~2~O and O~2~ dissociative adsorption on grapheme
----------------------------------------------------------------------

Previous studies have suggested that the typical thermodynamically stable graphene defects are mono-vacancies, multi-vacancies and pentagon-heptagon pairs[@b17]. Additionally, edges and grain boundaries (lines of pentagon-heptagon pairs) also exist in graphene[@b18]. Therefore, our DFT studies considered both pristine graphene and graphene with defects, e.g., mono and divacancy defects, grain boundaries (modelled as periodical pentagon-heptagon pairs in a row), and edges. All the structures contain a 18 Å vacuum layer to minimise the non-physical interlayer interactions[@b19]. As discussed in our previous work[@b20], it is known that the effect of the graphene supercell size on the chemical reaction barrier is not evident. Therefore, 3 × 3 supercells were used for the investigation.

For pristine graphene with a physically adsorbed H~2~O or O~2~ molecule, it is found that the H~2~O molecule tends to occupy the site above the center of a C ring, whereas the O~2~ molecule occupies the top sites of C atoms. As shown in [Figure 4](#f4){ref-type="fig"}, the relaxed H~2~O molecule prefers to adsorb atop the hollow site of a C ring with two O--H bonds pointing down, whereas the O~2~ molecule is located at the bridge site of graphene with an O = O bond parallel to the graphene surface. These two configurations are taken as the reactants for the chemical reactions of H~2~O and O~2~ dissociative adsorption on graphene, respectively. After their dissociation and adsorption, the H^+^ and OH^−^ bind with two face-by-face C atoms, whereas the O atoms relax to the bridge sites of C--C bonds, with each O atom binding with two C atoms. All possible adsorption positions for H~2~O or O~2~ were also considered for graphene containing defects. The most stable structures obtained after structure relaxation are shown in [Figure 4](#f4){ref-type="fig"}. It is found that the adsorption position and orientation change when the defects are present. The obtained structures agree well with those in previous studies[@b13][@b21][@b22][@b23]. For example, for the case of a mono-atom vacancy, the physisorbed H~2~O molecule was atop of the hollow site of the vacancy, while the chemisorbed H~2~O molecule would be separated into two H atoms and one O atom attached to the three C atoms at the vacancy, which is consistent with a previously reported result[@b21].

The reaction barrier is an important factor for determining the possibility of a chemical reaction. To determine the possibilities for the dissociative adsorption of H~2~O and O~2~ molecules on pristine graphene and on graphene with different types of defects, the dissociative adsorptions of H~2~O and O~2~ on pristine graphene and on graphene with a mono-atom vacancy defect, a divacancy defect, grain boundaries and edges were calculated. To investigate the energy minimum reaction pathway for the dissociative adsorption of H~2~O and O~2~ molecules on graphene, the linear synchronous transit/quadratic synchronous transit (LST/QST)[@b24] and nudged elastic band (NEB)[@b25] tools in the Dmol[@b3] module in Materials Studio software package were used. These methodologies have been well verified to be capable of determining the structure of the transition state and the minimum energy pathway for small molecules dissociation and adsorption on graphene[@b20].

To determine the effects of van der Waals interactions and the different functional groups in the calculations, the dissociative adsorption of a H~2~O molecule on pristine graphene was calculated using DFT-D corrected Generalised Gradient Approximation/Perdew-Wang 91 (GGA/PW91) (van der Waals interactions are considered with DFT-D correction), normal GGA/PW91 and Local-Density Approximation/Plane Wave Approach (LDA/PWA) functionals, and the results are presented in [Figure s1 (Supplementary)](#s1){ref-type="supplementary-material"}. The difference in the energy barrier between the results of the normal GGA/PW91 and the DFT-D corrected GGA/PW91 is very slight. Therefore, although van der Waals interactions for water physically adsorbed on graphene are required to be considered in the calculations for the physical adsorption of water, their effects on the LST/QST and NEB calculations are not significant. For the calculation using the LDA/PWA functional, the energy barrier is slightly lower than that using the GGA/PW91 functional, which would not exert a significant influence on the energy barrier calculation. On the other hand, the GGA functional has been extensively used to determine reaction energy barriers[@b13][@b26][@b27][@b28]. In addition, we are interested in the reaction energy barrier for the dissociative adsorption of H~2~O on graphene relative to that of O~2~ in this work; thus, the results would be not affected when using the same functional in the calculations. Therefore, the GGA/PW91 functional was used in this work.

Utilising LST/QST and NBE calculations, the reaction pathways for the dissociative adsorption of a H~2~O and an O~2~ molecule on pristine graphene were calculated, and the results are shown in [Figures 5(a) and 5(b)](#f5){ref-type="fig"}, respectively. In these figures, the corresponding initial structure (IS), transition structure (TS), final structure (FS), dissociative adsorption reaction barrier (*E*~bar~ = *E*~TS~ − *E*~IS~) and dissociative adsorption reaction energy (*E*~r~ = *E*~FS~ − *E*~IS~) are also presented. In a similar manner, the reverse reaction energy barrier (*E*~rbar~ = *E*~TS~ − *E*~FS~) and reverse reaction energy (*E*~rr~ = *E*~IS~ − *E*~FS~) can also be calculated. As shown in [Figure 5(a)](#f5){ref-type="fig"}, the *E*~bar~ for the dissociative adsorption of a H~2~O molecule is 3.64 eV and the *E*~r~ is 2.68 eV. For the reverse reaction, *E*~rbar~ = 0.96 eV and *E*~rr~ = −2.68 eV. In general, only a chemical reaction with an energy barrier of less than 0.75 eV typically occurs under ambient conditions[@b29]. The dissociative adsorption of H~2~O molecules is an endothermic reaction with a high energy barrier, indicating that this reaction is very difficult under ambient conditions.

However, the reverse reaction may occur under such conditions because of the relatively low energy barrier *E*~rbar~ and because it is an exothermic reaction. A similar situation can also be found in the case of the dissociative adsorption of O~2~ on graphene, as shown in [Figure 5(b)](#f5){ref-type="fig"}, where *E*~bar~ = 1.78 eV, *E*~r~ = 0.49 eV, *E*~rbar~ = 1.29 eV, and *E*~rr~ = −0.49 eV. Comparing the *E*~bar~ and *E*~r~ in these two reactions, as shown in [Figures 5 (a) and (b)](#f5){ref-type="fig"}, the dissociative adsorption of O~2~ is easier than that of H~2~O. [Figures 5(c) to (j)](#f5){ref-type="fig"} show the corresponding reaction pathways for graphene with typical defects, such as mono-vacancies \[[Figures 5(c) and 5(d)](#f5){ref-type="fig"}\], divacancies \[[Figures 5(e) and 5(f)](#f5){ref-type="fig"}\], grain boundaries \[[Figures 5(g) and 5(h)](#f5){ref-type="fig"}\] and edges \[[Figures 5(i) and 5(j)](#f5){ref-type="fig"}\]. These results demonstrate that the *E*~bar~ for the dissociative adsorption of a H~2~O molecule on graphene with any type of defect is lower than that of an O~2~ molecule. Similar results can be found for the reverse reactions, in which the *E*~rbar~ for the case of H~2~O is lower than that of O~2~ if any type of defect is present in graphene. Hence, in the case of graphene with defects, H~2~O is easier to be dissociatively adsorbed, as well as desorbed than O~2~. In addition, *E*~rbar~ is normally higher than *E*~bar~, except for the case of grain boundaries, which means that the reverse wettability transition in graphene from hydrophilic to hydrophobic would require a longer time.

Experimental and calculated Raman spectra
-----------------------------------------

Raman spectroscopy is a powerful tool for studying graphene-based materials[@b30]. The Raman spectra of graphene-based materials include three characteristic peaks: D, G and 2D bands[@b31]. The D band located at \~1350 cm^−1^ only appears in the spectra of samples that contain *sp*^2^ carbon with defects, such as edges of graphene[@b32]. The G band is usually located at \~1580 cm^−1^. The shift of the G band is useful for investigating doping and structural defects. The 2D band located at \~2700 cm^−1^ is the most prominent feature in the Raman spectrum of graphene, and its shape is sensitive to the number of layers; thus, the layers of graphene can be distinguished through the Raman peak at \~2700 cm^−1^[@b32].

[Figure 6(a)](#f6){ref-type="fig"} shows the Raman spectra for graphene with 0, 5, 30, and 60 min of UV irradiation, whereas [Figure 6(b)](#f6){ref-type="fig"} presents the Raman spectra of UV-treated graphene after vacuum storage for different numbers of days. In [Figure 6(a)](#f6){ref-type="fig"}, four representative modes in the range from \~350 to 4000 cm^−1^ are observed and identified as the D (\~1350 cm^−1^)[@b33], G (\~1580 cm^−1^)[@b34], and 2D (\~2720 cm^−1^) bands, and the peak at \~3250 cm^−1^ is attributed to an O--H bond[@b35][@b36]. The peak at \~3250 cm^−1^ is ocassionally considered to be the D+D′ peak[@b37], which is induced by the nature of defect-containing graphene. However, the peak \~3250 cm^−1^ in [Figure 6(a)](#f6){ref-type="fig"} is not obvious for pristine graphene, and its intensity increases significantly after irradiation. Thus, this peak should be associated with new vibrations resulting from the adsorbates under UV irradiation. Compared with previously reported results[@b32], the shape of the 2D peak of pristine graphene perfectly matches with the spectrum of 2-layer graphene rather than that of 5-layer graphene. Therefore, it can be recognised that the graphene used in this work is a few-layer graphene and that the number of layers is less than 5. In addition, as shown in [Figure 6(a)](#f6){ref-type="fig"}, the intensities of the Raman D, G, and 2D bands of graphene and the characteristic intensity of the peak at \~3250 cm^−1^ significantly increase with the duration of UV irradiation. After storage of the UV-treated graphene film under vacuum for 4 days, the four peaks decreased and returned almost to the original state of graphene before UV radiation, as shown in [Figure 6 (b)](#f6){ref-type="fig"}.

To determine the vibrations that contribute to the peaks, the Raman spectra of graphene with both H~2~O and O~2~ dissociatively adsorbed were also calculated by DFT. The final structures (FS) of water and oxygen dissociatively adsorbed on pristine graphene, illustrated in [Figure 4](#f4){ref-type="fig"}, were taken for the Raman spectra calculation. To understand the effects of van der Waals interactions on the calculated Raman spectra, the Raman spectra of pristine graphene with an adsorbed H~2~O molecule were calculated using the GGA/PW91 and DFT-D corrected GGA/PW91 (considering van der Waals interactions) functionals, and the results are shown in [Figure 2s (Supplementary)](#s1){ref-type="supplementary-material"}. It is observed that the two Raman spectra are identical, indicating that van der Waals interactions do not affect the Raman spectra. From the calculated Raman spectra, the vibration details of each main peak can be visualised, and they can provide additional evidence for analysing the experimental results.

[Figure 7(a)](#f7){ref-type="fig"} shows the Raman spectrum of a 3 × 3 graphene with a dissociatively adsorbed H~2~O molecule. As shown, new peaks appear compared with that of pristine graphene in [Figure 3s (Supplementary)](#s1){ref-type="supplementary-material"}. As indicated in the bottom of [Figure 7(a)](#f7){ref-type="fig"}, the vibrations of hydroxyl (bands from 1249 to 1406 cm^−1^) and C--C bonds (bands from 1331 to 1406 cm^−1^) are assigned as the D band. The peaks at \~2797 and \~3583 cm^−1^ correspond to the stretching of C--H and O--H bonds, respectively. The calculated Raman spectrum of graphene with a dissociatively adsorbed O~2~ molecule is shown in [Figure 7(b)](#f7){ref-type="fig"}. In addition to the G band at \~1507 cm^−1^ and the D band at \~1367 cm^−1^, the main peaks from 225 to 456 cm^−1^ correspond to the bending vibration of epoxy and C--C bonds, as indicated in the bottom of [Figure 7(b)](#f7){ref-type="fig"}. The stretching vibrations of epoxy groups and C--C bonds near the O atoms contribute to the peaks from 669 cm^−1^ to 861 cm^−1^. The experimental and calculated Raman spectra will be compared in the discussion section.

Discussion
==========

As shown in [Figure 5](#f5){ref-type="fig"}, although the splitting and adsorption of water on pristine graphene is more difficult compared to that of oxygen, water is easier to be dissociatively adsorbed on graphene containing typical defects. Moreover, it is believed that UV radiation, similar to plasma treatment, usually induces defects in graphene[@b16], which would facilitate the dissociative adsorption of H~2~O and induce the wettability transition in graphene from hydrophobic to hydrophilic. This also agrees with our experimental results. Furthermore, it is found that graphene can be gradually restored to the hydrophobic state with vacuum storage for 4 days, which can be considered as the reverse reaction calculated in [Figure 5](#f5){ref-type="fig"}. In the reverse reactions, as mentioned above, H^+^ and OH^−^ are much easier to desorb from graphene with a lower *E*~rbar~ compared with the case of O~2~ on graphene with and without defects. Therefore, we believe that the reversible wettability transition in graphene observed in the experiment is induced by the dissociative adsorption of H~2~O rather than O~2~.

As shown in [Figure 6(a)](#f6){ref-type="fig"}, the intensities of the four Raman peaks increased after irradiation, which indicates that new vibration modes were induced by UV irradiation, especially around 1350 and 3250 cm^−1^, where the peaks for graphene without irradiation are not evident. It is known that the peaks at \~1500 cm^−1^ can be referred to the G band, which is a typical vibration mode of graphite-like materials and caused by optical E~2g~ phonons at the Brillion zone centre. With UV irradiation, as shown by the calculated Raman spectra in [Figure 7](#f7){ref-type="fig"}, the dissociative adsorption of both water and oxygen could increase the intensity of the G band at \~1500 cm^−1^ compared with the G band of graphene without any adsorption, as shown in [Figure 3s (Supplementary)](#s1){ref-type="supplementary-material"}. Therefore, the increase in the G band intensity in [Figure 6(a)](#f6){ref-type="fig"} is believed to be a result of new vibrations induced by the adsorbates.

It is known that critical factors, such as dopants, doping concentration, number of graphene layers, and defects, can induce shifts in the Raman peaks[@b31]. In the DFT calculation above, the pristine graphene was modeled as an ideal single layer of graphene without any defects, which is unobtainable in experiments. Therefore, it is understandable that there would be a slight difference in Raman spectra from the experiments and DFT calculations, as shown in [Figure 6](#f6){ref-type="fig"} and [Figure 7](#f7){ref-type="fig"}. Comparing the experimental Raman spectrum in [Figure 6(a)](#f6){ref-type="fig"} with the calculated Raman spectrum of graphene with dissociatively adsorbed H~2~O in [Figure 7(a)](#f7){ref-type="fig"}, the locations of the four main peaks (D, G, 2D and O--H bands) agree with each other within reasonable difference. Therefore, it is concluded that (1) the bending vibration of the hydroxyl group contributes to the band at \~1350 cm^−1^, (2) the stretching vibration of C--H contributes to the band at \~2720 cm^−1^, and (3) the stretching vibration of the hydroxyl group contributes to the band at \~3250 cm^−1^. In addition, the stretching vibration of the hydroxyl group is from 3100 to 3650 cm^−1^ [@b38], and the peaks at \~3250 cm^−1^ shown in [Figure 6(a)](#f6){ref-type="fig"} can be attributed to the O--H stretching vibration. When comparing [Figure 6(a)](#f6){ref-type="fig"} with the calculated Raman spectrum of graphene with dissociatively adsorbed O~2~ in [Figure 7(b)](#f7){ref-type="fig"}, there is no peak between 225 and 861 cm^−1^ in the experimental Raman spectrum in [Figure 6(a)](#f6){ref-type="fig"}. These bands in [Figure 7(b)](#f7){ref-type="fig"} correspond to the bending vibrations of epoxy and C--C bonds and the stretching vibrations of epoxy and C--C bonds near the O atoms. In addition, the dissociative adsorption of O~2~ molecules cannot induce the intensity increase for peaks around 2720 cm^−1^ and 3250 cm^−1^ observed in [Figure 6(a)](#f6){ref-type="fig"}.

Therefore, based on the evidence from the measurement of the wettability transition in graphene with UV irradiation under different conditions, from the energy barrier calculation of H~2~O and O~2~ molecules dissociatively adsorbed on graphene, and from the comparison of the experimental and calculated Raman spectra, it can be concluded that the H~2~O rather than the O~2~ is dissociatively adsorbed on graphene under UV irradiation in air, thus inducing the wettability transition in graphene from the hydrophobic to hydrophilic state due to the presence of the hydrophilic hydroxyl group. In contrast, during vacuum storage, the H^+^ and OH^−^ desorb from graphene and gradually combine to form H~2~O molecules. This process is consistent with the decrease in the intensity of the peaks in the Raman spectra in [Figure 6(b)](#f6){ref-type="fig"}.

As shown in [Figure 6(a)](#f6){ref-type="fig"}, the intensities of all peaks increase with the duration of UV irradiation, and the contact angle also gradually decreases with the duration of UV irradiation, as shown in [Figure 1](#f1){ref-type="fig"}. It is hypothesised that this phenomenon is associated with more H~2~O molecules being dissociatively adsorbed on graphene, *i.e.*, the concentration of adsorbate is continuously increasing during the irradiation until it reaches saturation after 1 h. In addition, as shown in [Figure 6(b)](#f6){ref-type="fig"}, the intensities of the characteristic Raman peaks decrease with time of vacuum storage. This behaviour is associated with desorption of H^+^ and OH^−^ from graphene. The desorption process increases the CA of water on graphene, thus returning graphene to the hydrophobic state. This result is consistent with the data shown in [Figure 2](#f2){ref-type="fig"}. To better understand the effect of the adsorbate concentration, different sized calculation supercells with an adsorbed H~2~O molecule, as shown in the inset of [Figure 8](#f8){ref-type="fig"}, are proposed to investigate the effect of the adsorbate concentration on the Raman spectra.

[Figure 8](#f8){ref-type="fig"} shows the corresponding calculated Raman spectra of a H~2~O molecule dissociatively adsorbed on graphene with different sizes. Note that the peaks in the Raman spectra are normalised to show the relative intensity of each peak in the different sized systems. When the supercell size decreases, *i.e.*, the concentration of H~2~O increases, the intensities of the peaks at \~2795 and 3580 cm^−1^, which are induced by the stretching of C--H and O--H bonds, respectively, increases. This result agrees with the experimental result in [Figure 6(a)](#f6){ref-type="fig"}, in which the intensity of the main peaks increases. For the peak at \~1310 cm^−1^, which is mainly induced by the bending of the O--H bond as shown in the right side of each panel, the weight of the band near this frequency increases as the H~2~O concentration increases. However, the G band appears to decrease when the concentration of H~2~O on graphene increases, which is in contrast to the experimental results presented in [Figure 6(a)](#f6){ref-type="fig"}. As mentioned above, the peaks in the Raman spectra are normalised in [Figure 8](#f8){ref-type="fig"}. It is known that the G band is mainly attributed to the vibration of the *sp*^2^ C--C bond, which is not considerably influenced by the increase in the absorbate concentration. However, the intensities of the peaks related to the vibrations of O--H and C--H bonds increase remarkably. The intensity of the G band relatively decreases after normalisation. Note that the positions of the D band, O--H vibration, G band, 2D band and C--H vibration shift when the concentration of H~2~O increases, as shown in [Figure 8](#f8){ref-type="fig"}. It is understandable that this shift is induced by the intermolecular interaction of H^+^ and OH^−^ groups on graphene, especially when the concentration is high. Therefore, H~2~O molecules are dissociatively adsorbed on graphene gradually with UV radiation until saturation is reached. Moreover, according to the literature, defects plays an important role in the hydrophilicity of graphene[@b39]. To understand the effects of the defect concentration on the graphene wettability transition, the energy barrier for the dissociative adsorption of one water molecule on graphene with various defect concentrations was calculated, as shown in [Figure 4s (supplementary)](#s1){ref-type="supplementary-material"}. In this calculation, the defect concentration was manipulated by changing the size of the supercells that contain a mono-atom vacancy. The results indicate that the energy barrier decreases as the concentration of defects increases, indicating that the water molecules would be easier to be dissociatively adsorbed on graphene with higher defect concentrations.

In addition, the conductivity of graphene is expected to change under UV irradiation due to the chemical bonding between H~2~O and the graphene surface. To understand this change, the band structures of pristine graphene and of graphene with a dissociatively adsorbed H~2~O molecule with different sized supercells are shown in [Figure 5s (Supplementary)](#s1){ref-type="supplementary-material"}. The results indicate that the band gap of graphene is open after the dissociative adsorption of H~2~O and that the gap increases as the size of the supercell decreases. Thus, it is expected that the conductivity of the graphene sample would be reduced with irradiation until H~2~O on graphene is saturated. The detailed results will be shown in our next work.

In conclusion, the transitions of graphene sheets under UV irradiation have been investigated experimentally and by DFT calculations. It is found that UV irradiation can act as a switch to enable the transition of graphene films from hydrophobic to hydrophilic via the dissociative adsorption of H~2~O on the graphene surface. In addition, the transition is reversible and controllable. With UV treatment for 60 min, the graphene can become hydrophilic and return to hydrophobic with storage in vacuum for 4 days. This work elucidates the transition mechanism for graphene, which is induced by the chemically dissociative adsorption of H~2~O molecules in air rather than O~2~ molecules. These results may provide new insights into the fundamental principles of water splitting with graphene-based materials.

Methods
=======

Experimental details
--------------------

Graphene films were purchased from the Graphene Supermarket \[<https://graphene-supermarket.com/>\], and they were grown on polycrystalline nickel substrates (10 mm × 10 mm, 1 mm thick) using the chemical vapour deposition (CVD) method. The nickel substrates were deposited by ebeam and recrystallised as they were heated to 1000°C during CVD growth. To investigate the effects of the UV irradiation duration, the graphene samples on Ni substrate were dried for 2 hours at 100 °C and were placed in the 3 L UV chamber (Table top UV/Ozone surface processor, SSP16-110), then were exposed to UV light with a 254 nm wavelength at room temperature for 30 s and 1, 3, 5, 10, 15, 30, 60, 120, and 180 min. Note that it has been reported that the UV irradiation wavelength has little effect on the wetting properties of materials[@b40]. To achieve an O~2~-rich environment, high purity (99.9%) oxygen gas was purged into the UV chamber with at a continuous flow 1 L/min for 10 minutes prior UV irradiation. To investigate the effects of humidity, 2 cups containing 150 mL of distilled water at 95°C were placed in the UV chamber, and a 5 min standing time was applied before irradiation to equilibrate the humidity in the chamber. To avoid the influence of ozone during irradiation, this irradiation process was repeated under Ar atmosphere, where high purity (99.9%) Ar flow rate was maintained at 1 L/min for 3 hours prior UV irradiation. To investigate the change in hydrophilicity without UV irradiation and to avoid contamination during storage, the graphene samples treated for 60 min were stored in the vacuum chamber of the UV/Ozone surface processor at room temperature (approximately 25°C) for 1, 2, 3 and 4 days because we found that after 60 min of UV irradiation, the hydrophilicity level of graphene films remains stable.

The wettability of graphene was tested immediately after irradiation using an optical contact angle meter (Rame--Hart 100-00 goniometry) at room temperature using the sessile drop technique. For each UV-treated condition, the contact angles of three different graphene samples were measured. To characterise the chemical structure change of graphene, Raman spectra were investigated immediately after irradiation or after vacuum storage using Renishaw inVia Raman Microscope with an excitation laser with a 514.5 nm wavelength and scanned in the range of 100--4000 cm^−1^ with a 50 × 50 μm objective.

Computational Methodology
-------------------------

All geometry optimisation calculations were performed using spin-polarised DFT implemented in the CASTEP module of the Materials Studio package[@b41][@b42][@b43], which is based on the plane-wave pseudopotential method. The generalised gradient approximation (GGA) functions with the PW91 correction was employed as the exchange-correlation functional. For the Raman spectra calculations, the calculation qualities were set to be ultra-fine without spin polarisation. The Broyden--Fletcher--Goldfarb--Shanno (BFGS) method was set as the algorithm with the use offline search to solve unconstrained nonlinear optimisation problems. Norm-conserving pseudopotentials were used in the electronic options. The cut-off energy was 750 eV, and the maximal allowed displacement was 0.01 eV/Å.

The LST/QST and NEB calculations were performed using the Dmol^3^ module of the Materials Studio package with fine calculation quality, and the GGA with PW91 functional was employed to describe the exchange and correlation effects[@b44]. Double numerical plus polarisation (DNP) was used as the basis set. To understand the effect of van der Waals force, the DFT-D method within the Grimme scheme is used to consider the van der Waals forces[@b45]. The convergence tolerance of energy of 10^−5^ Hartree was taken (1 Hartree = 27.21 eV), and the maximal allowed force and displacement were 0.002 Hartree/Å and 0.005 Å, respectively.
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![The contact angles of graphene with different durations of UV irradiation inambient environment.](srep06450-f1){#f1}

![The contact angles of graphene irradiated for 1 hour with different storage times in vacuum.\
Note that the un-irradiated graphene is measured after drying at 120°C for 2 hours.](srep06450-f2){#f2}

![The contact angles of UV-treated graphene under different conditions.](srep06450-f3){#f3}

![Atomic structures of a H~2~O or an O~2~ molecule adsorbed on graphene with different types of defects.](srep06450-f4){#f4}

![The reaction pathways for the dissociative adsorption of a H~2~O and an O~2~ molecule on graphene.\
Pristine graphene (a) and (b); graphene with mono-atom vacancy (c) and (d); divacancy (e) and (f); edge (g) and (h); grain boundary (i) and (j).](srep06450-f5){#f5}

![Experimental Raman spectrum of graphene.\
(a) With various UV treatment durations, and (b) various days of vacuum storage.](srep06450-f6){#f6}

![Calculated Raman spectra of graphene.\
(a) With water, and (b) with oxygen dissociatively adsorbed.](srep06450-f7){#f7}

![Calculated Raman spectra of graphene in different sized supercells with a H~2~O molecule dissociatively adsorbed.](srep06450-f8){#f8}
